Summary Background IMGN901 is a CD56-targeting antibody-drug conjugate designed for tumor-selective delivery of the cytotoxic maytansinoid DM1. This phase 1 study investigated the safety, tolerability, pharmacokinetics, and preliminary activity of IMGN901 in patients with CD56-expressing solid tumors. Methods Patients were enrolled in cohorts of escalating IMGN901 doses, administered intravenously, on 3 consecutive days every 21 days. A dose-expansion phase accrued patients with small cell lung cancer (SCLC), Merkel cell carcinoma (MCC), or ovarian cancer. Results Fifty-two patients were treated at doses escalating from 4 to 94 mg/m 2 / day. The maximum tolerated dose (MTD) was determined to be 75 mg/m 2 . Dose-limiting toxicities included fatigue, neuropathy, headache or meningitis-like symptoms, chest pain, dyspnea, and myalgias. In the dose-expansion phase (n = 45), seven patients received 75 mg/m 2 and 38 received 60 mg/m 2 for up to 21 cycles. The recommended phase 2 dose (RP2D) was established at 60 mg/m 2 during dose expansion. Overall, treatment-emergent adverse events (TEAEs) were experienced by 96.9 % of all patients, the majority of which were Grade 1 or 2. The most commonly reported Grade 3 or 4 TEAEs were hyponatremia and dyspnea (each 8.2 %). Responses included 1 complete response (CR), 1 clinical CR, and 1 unconfirmed partial response (PR) in MCC; and 1 unconfirmed PR in SCLC. Stable disease was seen for 25 % of all evaluable patients who received doses ≥60 mg/m 2 . Conclusions The RP2D for IMGN901 of 60 mg/m 2 administered for 3 consecutive days every 3 weeks was associated with an acceptable tolerability profile. Objective responses were observed in patients with advanced CD56+ cancers.
Introduction
The glycoprotein CD56, also known as NCAM1, is a member of the neural cell adhesion molecule family [1] that plays important functional roles during development, nervous system differentiation, and immune surveillance [2] . Primarily expressed in neuroendocrine, natural killer, and T cell lineages [3] , aberrant CD56 expression is seen in a variety of hematological malignancies (e.g. multiple myeloma, myelocytic and lymphocytic leukemia) as well as solid tumors (most notably small cell lung cancer [SCLC] , Merkel cell carcinoma [MCC] , and ovarian cancer) [4] [5] [6] [7] [8] . Indeed, for solid tumors, CD56 serves as a diagnostic biomarker to identify those of neuroendocrine origin, including MCC and SCLC [9, 10] . Effective treatment options for these two tumor types are limited, particularly within the context of advanced and/or refractory disease [11, 12] . CD56 has thus emerged as an attractive molecular candidate for the design of novel, targeted therapeutic strategies for improving patient outcomes in these indications.
IMGN901 (lorvotuzumab mertansine) is an antibodydrug conjugate (ADC), consisting of a humanized anti-CD56 antibody to which the tubulin-binding maytansinoid DM1 is covalently conjugated via a stable disulfide linker [13] . IMGN901 targets CD56 at the cell surface and, upon antigen binding, becomes internalized -resulting in the intracellular release of DM1 [14] , which in turn promotes disruption of microtubule assembly, G2/metaphase arrest, and ultimately apoptosis [15] [16] [17] . In preclinical models, IMGN901 has shown high-affinity, antigen-specific binding and robust antitumor activity in CD56-positive (CD56+) tumors [18] .
A first-in-human, open label phase I/II clinical trial has previously been conducted in patients with relapsed or refractory CD56+ SCLC and other CD56+ solid tumors where IMGN901 was administered weekly for four consecutive weeks on a six-week cycle [NCT00065429] . The results of that dose-escalation study revealed that IMGN901 displayed favorable pharmacokinetics, a manageable safety profile (including no cardiac, thyroid or adrenocortical toxicities despite CD56 expression in those tissues), and encouraging signs of activity [19, 20] . These findings prompted further evaluation of IMGN901 in the same target populations using an alternative dosing schedule. Here we report on an open label, Phase I trial of IMGN901 dosed on days 1-3 of a 21-day cycle in patients with CD56+ tumors. This regimen was selected based on prior human data showing a relatively short half-life for low doses of IMGN901. This study was undertaken to determine the tolerability, safety, and maximum tolerated dose (MTD) of IMGN901 on this schedule. Secondary assessments included pharmacokinetic profiling and preliminary assessment of clinical activity.
Patients and methods
This was a single-agent, multicenter, open-label, non-randomized, Phase I study with expansion at the MTD that involved 9 sites in the United States and the United Kingdom. The study was conducted in accordance with the US Food and Drug Administration regulations, the International Conference on Harmonisation Guidelines for Good Clinical Practice and the Declaration of Helsinki. The study was compliant with Institutional Review Board and Independent Ethics Committee requirements. All patients provided written informed consent in accordance with federal, local and institutional guidelines. This trial was registered at Clinical trials.gov (NCT00346385).
Eligibility criteria
During dose escalation, enrollment was open to patients who had histologically or cytologically proven, measurable, relapsed or refractory SCLC, neuroendocrine pulmonary tumors, metastatic MCC or carcinoid tumors, or other CD56+ solid tumors. Tumor CD56 expression was assessed prior to enrollment or at the earliest opportunity. With the exception of carcinoid and neuroendocrine tumors (which may not have been treated with chemotherapy previously), patients who had received one to three prior therapies were eligible. In the MTD expansion phase, enrollment was restricted to patients with relapsed or refractory SCLC, locally advanced or metastatic MCC, or ovarian cancer. Patients with SCLC who had received one prior chemotherapy regimen were eligible, whereas patients with MCC or ovarian cancer may have received more than one prior chemotherapy regimen. Patients with resistant or refractory ovarian cancer must have received at least one platinum-based regimen.
Eligible patients were required to be ≥18 years of age; have an Eastern Cooperative Oncology Group (ECOG) performance status ≤2; and a life expectancy of at least 3 months. Adequate hematology laboratory values and organ function were required. Patients were excluded if they had known hypersensitivity to monoclonal antibody therapy; brain metastases; or a previous malignancy with <3-year disease-free interval other than basal cell carcinoma or carcinoma in situ of the cervix.
Study design and drug administration
Enrollment of a maximum of 100 patients was planned. In the dose-escalation phase, patients received IMGN901 intravenously (IV) at 4, 8, 16, 24, 36, 48, 60, 75 , or 94 mg/m 2 for a maximum of 4 cycles or until intolerable toxicity, patient withdrawal or progressive disease (PD). Originally, IMGN901 was to be infused over 1 h; later, the infusion rate was reduced to 40 min. However, because of the onset of Grade 2 or higher headaches in individuals while being infused at higher doses, the protocol was amended to establish an infusion rate of 1 mg/min and prophylactic measures for all patients. These included 8 mg of oral dexamethasone (or equivalent) twice a day on the day prior to the infusion; 10 mg of IV dexamethasone 30 min prior to the infusion; and acetaminophen (500-650 mg). Patients experiencing objective responses as per RECIST 1.0 criteria [21] , or those with stable disease (SD) showing clinical benefit were eligible to receive additional cycles at the same dose as that of their last treatment cycle until PD or intolerability. In the expansion phase, IMGN901 administration began at the MTD, defined as the highest dose at which <2 of six patients experienced a dose limiting toxicity (DLT), defined as grade 4 neutropenia ≥5 days, grade 4 thrombocytopenia, neutropenic infection, or any grade 3 or 4 non-hematologic toxicity (except nausea, vomiting, diarrhea, and alopecia).
Safety evaluation
All patients who enrolled and received at least one dose of study drug underwent safety evaluation (n = 97). AEs were assessed at each visit and graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events Version 4.0.
Efficacy evaluation
Preliminary assessment of efficacy was performed using the RECIST response criteria version 1.0. A CT scan or MRI was performed at screening, at the end of treatment Cycles 2 and 4, at Day 22/early study treatment termination visit, at the 1-month follow-up visit, and at each short-term follow-up visit (every 6 weeks after the 1-month follow-up visit until PD or start of alternate anti-neoplastic therapy). Efficacy parameters included objective response rate (ORR), duration of response (DOR), time to progression (TTP), progression free survival (PFS) and overall survival (OS) for up to 3 years. Patients were evaluable for efficacy if they had a post-baseline radiologic or clinical assessment.
Phamacokinetics evaluation
Blood samples for pharmacokinetic (PK) characterization of intact conjugate, total huN901 antibody, human anti-human antibody, and human anti-drug antibody were collected from all patients at pre-specified time points. PK summary measures were calculated for each patient. PK analysis was performed using the standard algorithms of the noncompartmental PK analysis program (201), WinNonlin, Professional version 6.1.0.173 (Pharsight Corporation, Mountain View, California).
Statistical methods
Descriptive statistics for continuous variables were summarized using sample size (n), mean, median, standard deviation, minimum, and/or maximum. Patients who discontinued IMGN901 and started alternate antineoplastic therapy before documentation of PD were censored at the time of their last visit prior to initiation of alternate anti-neoplastic therapy. Patients who died or were lost to follow-up before documentation of PD or who did not progress before data cut-off were censored at the time of their last visit.
Any event with the same onset date as start of study treatment or later was reported as treatment emergent. Time-toevent variables (DOR, TTP, PFS, and OS) were based on Kaplan-Meier estimations. Baseline was defined as the last available assessment prior to Day 1, Cycle 1.
All response-evaluable patients who had a post-baseline assessment (clinical or radiologic per RECIST 1.0) were included in the Clinical Benefit Rate (CBR) analysis (complete response [CR], partial response [PR] or SD of ≥75 days in duration). A subset of this evaluable population, excluding those without post-baseline radiologic assessments, was used to evaluate the Disease Control Rate (DCR; CR, PR, or SD ≥75 days by radiologic assessment).
Results

Patient characteristics
The study accrued 97 patients, 52 in the dose-escalation phase and 45 in the expansion phase. In the dose-escalation phase, at least four patients were treated at each of the first 8 dose levels, ranging from 4 mg/m 2 to 75 mg/m 2 , and two patients were treated at the highest dose, 94 mg/m 2 . In the expansion phase, the first seven patients were treated at a dose of 75 mg/m 2 and the remaining 38 at 60 mg/m 2 . The median age of the patients enrolled in the study was 58 years (range, 18-88) and the distribution of primary tumor types was SCLC (35.1 %), MCC (23.7 %), neuroendocrine carcinoma (15.5 %), and ovarian cancer (12.4 %) ( Table 1 ). The majority of patients treated at 60 mg/m 2 and 75 mg/m 2 completed the study (86.4 % and 90.9 %, respectively), for an overall study completion rate of 86.6 %. Overall exposure ranged from 1 to 21 cycles of IMGN901 with total cumulative doses ranging from 22.5 mg to 6680 mg. Twenty-eight percent of the patients completed 3 or more cycles, with 10.3 % completing at least 6 cycles of study treatment. Thirteen patients did not complete Day 22 of cycle 1 as follows: eight patients withdrew due to disease progression and five withdrew due to an AE.
Safety and tolerability
Grade 4 fatigue in cycle 1 and Grade 2 peripheral neuropathy that progressed to Grade 3 in cycle 2 were reported as DLTs in the 16 mg/m 2 (n = 1) and 48 mg/m 2 (n = 1) cohorts. At the 75 mg/m 2 /day dose level, an initial cohort of four patients was enrolled. One patient experienced a DLT of Grade 4 headache associated with meningitis-like symptoms, prompting a reduction in the infusion rate. An additional four patients were treated with the slowed infusion rate, two of whom developed Grade 2 headaches that in turn prompted the administration of prophylactic steroids. Of a total of seven additional patients in the steroid pre-treated 75 mg/m 2 cohort, one developed neuropathy in cycle 1 that worsened to a DLT (Grade 3 paresthesia) in cycle 3. Dose escalation continued to 94 mg/m 2 with two patients who experienced pain-related DLTs on day 8 of cycle 1 (Grade 3 headache, pain, and chest pain in one patient and Grade 3 myalgia in the other). Therefore, the 75-mg/m 2 dose was declared the MTD. However, because three of the first seven patients treated at the 75-mg/m 2 dose experienced drug-related serious adverse events (SAEs) (generalized pain and increased chest pain [n = 1]; fatigue, syncope, Grade 2 neuropathy, and myalgia [n = 1]; and Grade 3 dyspnea, Grade 2 myalgia, chest pain, and fatigue [n = 1]), a dose of 60 mg/m 2 /day was explored, and ultimately confirmed as the recommended phase II dose (RP2D).
Ninety-four patients (96.9 %) reported a treatmentemergent adverse event (TEAE), the majority of which were Grade 1 or 2; with nausea (43.3 %), fatigue (39.2 %), and constipation (37.1 %) being the most commonly reported. Table 2 summarizes those TEAEs reported for ≥5 % of patients that were assessed as possibly, probably, or definitely related (Brelated^) to study treatment (75.3 %). The most common treatment-related TEAEs were nausea (30.9 %), fatigue (27.8 %), headache (26.8 %), peripheral neuropathy (17.5 %), and vomiting (16.5 %).
Seventy-eight patients (80.4 %) reported a Grade 3 or 4 TEAE; 37.1 % were assessed as treatment-related. Overall, gastrointestinal (25.8 %), metabolism and nutrition (19.6 %), investigation (18.6 %), and nervous system (15.5 %) disorders accounted for the highest incidence of Grade 3 or 4 AEs. The most commonly reported were hyponatremia (8.2 %), SAEs were reported for 53 patients (54.6 %) and treatmentrelated SAEs were experienced by 15 patients (15.5 %). These 1 %) ; pain, fatigue, pain in extremity, and chest pain (2.1 %); and abdominal pain and fever (1.0 %). One patient treated at 60 mg/m 2 experienced reversible posterior leukoencephalopathy syndrome with cortical blindness [22] . Twelve patients experienced a SAE with an outcome of death. However, only one of these SAEs (bronchopneumonia), which occurred in a patient treated at 75-mg/m 2 , was judged to be related to study treatment.
Efficacy
Clinical benefit was observed in 25.5 % of all patients, with a CBR of 27.3 % in the cohort of individuals treated at the 60 mg/m 2 dose level (Table 3) . These values included SD lasting ≥75 days being seen in 25 % of patients who received a dose of 60 mg/m 2 or higher (n = 68). Four patients met RECIST criteria for objective responses ( Fig. 1 and These findings revealed that the most notable activity was observed in patients with metastatic MCC (n = 23), with thirteen percent overall demonstrating responses to treatment (Table 5) . One patient received a total of 6 cycles of treatment with IMGN901 at 36 mg/m 2 and achieved a PR after cycle 1 and a CR by cycle 3. The patient remained in complete remission for nearly 6 years until dying from non-small cell lung cancer (NSCLC). Another patient had a PR after cycle 1 of treatment with IMGN901 at 60 mg/m 2 (65 % reduction in target skin lesions), but developed reversible posterior leukoencephalopathy syndrome and was discontinued. This patient achieved a clinical CR with resolution of all skin lesions 2 years after treatment with a single course of IMGN901 and was still alive with no signs of disease progression at the last follow-up visit (~2.8 years). A third patient, who presented with widespread metastatic disease at baseline, developed PD after cycle 2 of treatment. Interestingly, whole body PET CT scan performed 8 months after study discontinuation revealed no evidence of FDG-avid disease. Subsequently, he experienced waxing and waning low-volume disease (<1 cm diameter of some lesions), but the patient was alive with no signs of PD 2.4 years after receiving the first dose of IMGN901 and without having received any additional therapy. Two patients achieved clinically relevant SD; one of them remained on study for 10 cycles, whereas the other received 21 cycles of treatment and was discontinued due to an AE of ataxia.
Clinical activity was also observed in additional tumor types. The CBR for patients with ovarian cancer (n = 12) was 33.3 %. One patient in this group received 12 cycles of c Clinical benefit rate is the number of patients with a clinical benefit ÷ number of patients in the evaluable population × 100 d Time to progression in days was calculated from the date of first dose of IMGN901 until the date of progressive disease e Progression-free survival is defined as the time (in days) from the date of enrollment to the date of documented disease progression or death from any cause. Progressive disease was defined according to the RECIST 1.0 criteria. [New Guidelines 2000] If a patient had not progressed or died, the patient was censored on the date of the last disease assessment therapy with IMGN901 before developing PD and was alive at 1.9 years after her first dose of IMGN901. Patients with SCLC demonstrated a CBR of 21.2 % (n = 33), with one patient achieving an unconfirmed PR and six patients experiencing SD.
The median PFS and TTP were identical for both the overall population (2.1 months; CI = 1.2, 1.5 months) and for the subset of patients treated with 60 mg/m 2 of IMGN901 (1.3 months; CI = 1.2, 1.6 months) ( Table 2 ). Median OS for all patients was 9.2 months (CI = 5.7, 13.2 months), whereas median OS for patients treated at 60 mg/m 2 was 8.1 months (CI = 5.5, 14.3 months).
Pharmacokinetics
The maximum plasma concentration (C max ) and area under the concentration curve (AUC 0-∞ ) of IMGN901 generally increased with increasing dose (Fig. 2a, 2b) . These parameters also increased with subsequent treatments within a cycle (C max shown in Fig. 2c ). At the 60 mg/m 2 dose, a consistent 
Discussion
In this study, we evaluated the safety, tolerability, pharmacokinetics and preliminary efficacy of single agent IMGN901 administered on Days 1-3 of a 21-day cycle to patients with CD56-positive solid tumors. Ninety-seven patients were accrued. Patients in the dose-escalation phase received c Maximum plasma concentration (C max ) of IMGN901 with median (--) for end of infusion at the first dose of cycle 1, the third dose of cycle 1, and the first dose of cycle 2 of patients given doses at 60 mg/m 2 IMGN901 at doses ranging from 4 to 94 mg/m 2 . The MTD was declared at 75 mg/m 2 and the first seven patients enrolled into the dose-expansion phase were treated at that dose level. During drug administration, however, three patients experienced dose-limiting headache with or without meningitislike symptoms. These events prompted the implementation of a slower infusion rate and prophylactic low-dose steroids and acetominophen, which reduced the incidence and severity of these symptoms. Similar toxicity was observed in the firstin-human study, with symptoms developing within 6 to 8 h post-infusion and resolving within 1 to 3 days [19, 23, 24] . Despite these measures, 3 of 7 patients experienced drugrelated SAEs at 75 mg/m 2 , thus the RP2D was determined to be 60 mg/m 2 . Preliminary evidence of antitumor activity of IMGN901 was noted in several CD56+ tumor types. Of the 94 patients in the efficacy evaluable population, 25.5 % experienced clinical benefit. Patients treated with 60 mg/m 2 experienced the highest CBR (27.3 %). Four patients, three of whom were diagnosed with MCC, had objective responses. While the ORR was modest, it should be noted that all patients had previously been treated with other therapies and almost half (49 %) had received two or more prior lines of treatment.
The most interesting signals of clinical activity were seen in patients with metastatic MCC, a rare and aggressive cutaneous malignancy of neuroendocrine origin. Surgical excision of the primary tumor is the first line of treatment; however, MCC has a high propensity for local recurrence as well as regional and distant metastases [25, 26] . Current therapies have demonstrated no survival benefit for patients with distal metastatic disease [27] , and for this patient population, treatment is limited to palliative care [28] . As noted above, three objective and durable responses and an overall CBR of 21.7 % were observed among the 23 patients with metastatic MCC recruited to the study. Together with preliminary signs of efficacy in SCLC and ovarian cancer patients, these results provide encouraging evidence of single-agent IMGN901 activity.
Analysis of CD56 expression demonstrated strong expression in the majority of the tumors. Despite this, not all patients derived meaningful clinical benefit. A potential explanation for this may involve acquired resistance to the microtubuletargeting payload among the heavily pre-treated patients enrolled in this study. For example, SCLC is usually responsive to initial platinum-based chemotherapy, but subsequent chemotherapy rarely results in response and shows only modest improvements in survival [29] . Furthermore, preclinical evidence suggests that induced resistance to cisplatin can render SCLC cells cross-resistant to the microtubule-disrupting vinca alkaloids [30] . Other factors that may contribute to lack of response in some patients include heterogeneous CD56 expression within a tumor, or varying rates of ADC internalization. The half-life of IMGN901 is relatively short compared with that of other humanized IgG1 antibodies; this can be explained, at least in part, by high antigen-mediated clearance due to CD56 expression on a variety of normal tissues, in particular highly abundant NK cells. This may serve to restrict IMGN901 exposure, which, in turn, may limit activity to tumors exquisitely sensitive to the maytansinoid payload.
In conclusion, IMGN901 administered IV at a dose of 60 mg/m 2 on three consecutive days every 3 weeks exhibited acceptable safety and tolerability. Objective, durable responses in a number of patients with MCC, and durable SD observed in several previously treated patients with relapsed advancedstage CD56+ cancers, are encouraging signs of single-agent IMGN901 activity. The clinical evaluation of IMGN901 is ongoing, with two Phase II studies, one in CD56-expressing hematological malignancies [NCT02420873] and the other in pediatric neuroendocrine-derived tumors [NCT02452554], having recently been initiated.
